Abstract. I compare the non-relativistic effective theory of one-body dark matter-nucleon interactions to current dark matter direct detection experiments and neutrino telescope observations, presenting exclusion limits on the coupling constants of the theory. In the analysis of direct detection experiments, I focus on the interference of different dark matternucleon interaction operators and on predictions observable at directional detectors. Interpreting neutrino telescope observations, I use new nuclear response functions recently derived through nuclear structure calculations and show that hydrogen is not the most important element in the exclusion limit calculation for the majority of the spin-dependent dark matter-nucleon interaction operators.
Introduction
The solar system motion in the galactic rest frame induces a flux of Milky Way dark matter particles across the Earth and the Sun. If dark matter interacts with nucleons, this flux is in principle detectable at direct detection experiments, at directional detectors, and, indirectly, at neutrino telescopes [1] .
Direct detection experiments search for nuclear recoil events induced by the scattering of Milky Way dark matter particles in low-background detectors. The expected differential rate of recoil events per unit detector mass is
where dσ T (u 2 , E R )/dE R is the differential cross-section for dark matter scattering from nuclei of mass m T and mass fraction ξ T , m χ is the dark matter particle mass, ρ χ is the local dark matter density and u is the dark matter particle velocity in the detector rest frame. The minimum velocity required to transfer a momentum q = √ 2m T E R in the scattering is given by v min (E R ) = √ 2m T E R /2µ T , where µ T is the dark matter-nucleus reduced mass. The vector v e (t) is the time-dependent Earth velocity in the galactic rest frame. Here we consider a MaxwellBoltzmann distribution f (u + v e (t)) ∝ exp(−|u + v e (t)| 2 /v 2 0 ) truncated at the local escape velocity v esc = 554 km s −1 , and v 0 = 220 km s −1 [2, 3, 4] .
Directional detectors are in a research and development stage. They are designed to be sensitive to the momentum vector of nuclei recoiling against Milky Way dark matter Table 1 . Complete set of non-relativistic operators considered in this study.
particles. The expected double differential rate of recoil events per unit detector mass is
where w is the nuclear recoil direction. Here we assume azimuthal symmetry around the direction of v e (t), i.e. dΩ = 2πdcos θ. Finally, neutrino telescopes search for energetic neutrinos produced by dark matter annihilation in the Sun. Their flux depends on the rate of scattering from an initial dark matter particle velocity w to a velocity less than the escape velocity v(R) at a distance R from the Sun's centre [5] :
where E = m χ w 2 /2, is the initial dark matter particle kinetic energy, n T (R) is the density of the T isotope in the Sun, and u is the velocity of the dark matter particle at R → ∞. The dimensionless parameters µ T and µ ±,T are defined as follows: µ T ≡ m χ /m T and µ ±,T ≡ (µ T ± 1)/2. In the equations above, the differential cross-section for dark matter-nucleus scattering is commonly assumed to be
where
are nuclear response functions introduced below in Eq. (6), j χ and J are the dark matter particle and nucleus spin, respectively, and c τ 1 and c τ 4 , τ = 0, 1, are coupling constants. In the limit E R → 0, Eq. (4) can be written as dσ T /dE R = (σ SI + σ SD ) /E max , where σ SI and σ SD are the familiar spin-independent and spin-dependent cross-sections, respectively, and E max = 2µ 2 T u 2 /m T is the maximum recoil energy. Although a well motivated first approximation, Eq. (4) relies on a simplified picture of the actual complexity of dark matter-nucleon interactions. The experimental efforts planned for the next years motivate the exploration of more advanced strategies.
Effective theory of dark matter-nucleon interactions
In this section I introduce the effective theory of dark matter-nucleon interactions [6, 7, 8, 9] . The focus is on showing how Eq. (4) generalizes in this context. The effective theory of dark matternucleon interactions is based on the assumption: |q|/M m 1, where M m is the mass scale of the exchanged mediators. The theory is then constructed in terms of fundamental symmetries and basic operators. The fundamental symmetry underlying the theory is Galilean invariance, which characterizes the non-relativistic nature of the interaction. Simple kinematical arguments allow to identify five basic Galilean invariant operators, namely: 1 χN ,q,v ⊥ ,Ŝ N , andŜ χ , where 1 χN is the identity,q is the momentum transfer operator,v ⊥ is the transverse relative velocity operator, andŜ N andŜ χ are the nucleon and dark matter particle spin operators, respectively. The most general Hamiltonian density for dark matter-nucleon interactionsĤ(r) is then constructed as an expansion in powers ofq/M m from the basic operators. Truncating the expansion at second order inq, and assuming mediators of spin less or equal to 1, one finds thatĤ(r) is the linear combination of 14 Galilean invariant operators:
The 14 operatorsÔ k in Eq. (5) are listed in Tab. 1.Ô 1 andÔ 4 correspond to the familiar spin-independent and spin-dependent interactions, respectively. Isoscalar and isovecotor coupling constants in (5)
and m N is the nucleon mass. The dark matter response functions R τ τ k are known analytically and depend on the momentum transfer, the dark matternucleus relative velocity u and the coupling constants c τ k . The isotope dependent nuclear response functions W τ τ k must be computed numerically through nuclear-structure calculations. For Xe, Ge, Na, I and F, I use the response functions found in [9] . For the 16 most abundant elements in the Sun, I adopt the functions W τ τ k published in [10] . From Eqs. (4), (6) and Tab. 1, the contrast between the standard paradigm based on the familiar spin-independent and spin-dependent interactions and the actual complexity of dark matter-nucleon interactions is manifest.
Phenomenology
Having introduced the effective theory of dark matter-nucleon interactions, I now compare its predictions to current observations.
Direct detection experiments
Comparing the effective theory of dark matter-nucleon interactions to current direct detection data, I have identified two main results. Firstly, current data can place interesting constraints on the coupling constants of interaction operators commonly neglected. For instance, limits on the strength of the interactionsÔ 8 andÔ 11 are comparable with those found for the familiar spin-dependent operatorÔ 4 [11, 12] . Secondly, operator interference plays an important role in the calculation of exclusion limits on the coupling constants c τ k . Specifically, I found that destructive interference effects can weaken standard direct detection exclusion limits by up to one order of magnitude in the coupling constants [12] . This conclusion is illustrated in the left panel of Fig. 1 . 
Directional detectors
Integrating Eq. (2) over all recoil energies, one obtains the differential rate of recoil events per unit detector mass dR/d cos θ. The central and right panels in Fig. 1 show dR/d cos θ as a function of cos θ for the operatorsÔ 1 andÔ 8 , respectively. ForÔ 1 the majority of the recoil events is expected in a direction opposite to the Earth's motion, since the maximum of dR/d cos θ is at cos θ = −1. In contrast, for velocity dependent operators likeÔ 8 , dR/d cos θ is maximum at cos θ > −1 and the majority of the recoil events is expected in a ring around −v e . Such interaction dependent ring-like structures in the sphere of recoil directions can be used to discriminate among different dark matter-nucleon interactions [13, 14] .
Neutrino telescopes
Below I highlight three key results found studying the phenomenology of dark matter-nucleon interactions at neutrino telescopes [10, 15] : (i) The operatorÔ 11 induces a rate of dark matter capture by the Sun which for m χ > 30 GeV is larger than the rate associated withÔ 4 . In fact, inspection of Eq. (6) shows thatÔ 11 generates the same nuclear response function ofÔ 1 , which is generically larger than the one associated with the spin-dependent operatorÔ 4 (see left panel in Fig. 2 ).
(ii) For velocity dependent operators likeÔ 7 , neutrino telescopes are superior to current direct detection experiments, since dark matter particles move faster in the Sun than on Earth, as they gain speed crossing the Sun's gravitational potential (see central panel in Fig. 2 ). (iii) Hydrogen is not the most important element in the exclusion limit calculation for the majority of the spin-dependent operators in Tab. 1. Although less abundant, heavier elements produce a broader range of recoil energies than Hydrogen, and hence a larger capture rate for differential cross-sections going to zero in the limit E R → 0 (see right panel in Fig. 2 , and Eq. (3)).
Conclusion
The effective theory of dark matter-nucleon interactions is a promising framework for modeling the scattering of dark matter from nuclei. From the theoretical perspective, its phenomenology is currently under investigation, e.g. [6, 7, 8, 9, 16, 17, 18, 11, 19, 20, 21, 22, 23, 24, 25, 12, 26, 27, 28] and [29, 30, 31, 15, 13, 14] . Importantly, present observations can probe many of the dark matternucleon interactions which are currently neglected within the standard paradigm based on the familiar spin-independent and spin-dependent interactions.
